ABSTRACT The cytotoxic action of quartz (DQ12) particles on cultures of rat peritoneal macrophages, as estimated by the inhibition of the TTC-reductase activity, is considerably reduced by preincubation with glutamic acid and by adding sodium glutamate (15 mg/ml) to the drinking water of the rats donating the macrophages. This increase in macrophage resistance under the influence of glutamate is the most probable cause of the delay in the development of silicotic fibrosis shown in several experiments on rats intratracheally injected with quartz and then treated by prolonged administration of glutamate. This effect is probably connected with the influence of glutamate on the stability of the macrophage membranes, which can in its turn be explained by different mechanisms, including the influence on the synthesis and phosphorylation of adenosine nucleotides. Such an influence was shown in rats receiving glutamate by the change of the ATP/ADP ratio in macrophages, but not in erythrocytes. The resistance of rat erythrocytes to the haemolytic action of quartz is also not influenced by the action of glutamate neither in vitro nor in vivo. Such differences in the influences of glutamate on two types ofcells, equally susceptible to quartz cytotoxicity but considerably differing in the character of energy metabolism, is an indirect proof of the role of the latter in the realisation of the anticytotoxic, and thereby antifibrogenic, effect of glutamate.
It is known that the high fibrogenicity of silica dusts is connected with their high cytotoxicity for macrophages whose breakdown is accompanied by the formation of some factor that stimulates the synthesis of collagen and interferes with the normal interaction between macrophages and fibroblasts that plays an important part in the regulation of fibrogenesis.1-6 It is not by chance that the first encouraging successes in the experimental treatment and prophylaxis of silicosis were obtained 20 years ago with polyvinylpyridine-N-oxide7-9 and later also with other nitrogen-containing polymer compounds,10-15 whose mechanism of action is connected with the defence of macrophage from the cytotoxicity of silica particles. The key role of this cell in the elimination of dust particles from the alveolar region makes its protection from damage a most important factor in the prophylaxis of silicosis. In fact, polyvinylpyridine-N-oxide stimulates the elimination of quartz dust from the lungs and decreases its retention and penetration.8 9 Nevertheless, the possibilities of the therapeutic, inhibition of reductase activity in a test with 2,3,5-tripheniltetrasodium chloride (TTC) was used as the measure of PM damage by quartz in vitro. For that purpose PM were twice washed in physiological saline and resuspended in Tirode solution to a final concentration of 3-5 x 106 cells per millilitre. One millilitre of cell suspension or Tirode solution (control) was introduced into each sample, together with 1 ml of a standard quartz suspension (DQ12) in the concentrations shown below. The procedure that follows has been described elsewhere. 20 The activity of the TTC-reductase of cell cultures was expressed as a percentage of the reductase activity of the control culture.
In the first series of experiments PM were preincubated at 37°C for one hour with glutamic acid in concentrations of 25, 50, or 500 ,ug/ml of Tirode solution, after which they were separated by centrifuging and resuspended to the concentration shown above. Different doses of quartz dust were tested: 1 0; 2-0; and 5-0 mg per sample. In this series of experiments we used PM from two rats in a common pool and conducted five experiments with each concentration of glutamate and each quartz dose.
In the second series of experiments we studied PM from individual rats, the TTC-test being performed with the 2-mg quartz dose.
The peritoneal exudate for the study was obtained twice: before the experiment and after a given period during which sodium glutamate solution in a concentration 15 mg/ml (as glutamic acid) was administered in the drinking water. Taking into consideration the daily water consumption, this corresponded roughly to 100 mg per 200-g rat. After one, two, and four months we studied the PM of 10 rats that had received glutamate and 10 control rats. The blood of rats killed by decapitation one and two months after the beginning of the experiment was used to estimate the susceptibility of erythrocytes to the haemolytic action of quartz.21
For that purpose 2 ml of blood mixed with 1 ml of 2% solution of sodium citrate were centrifuged. The deposited cells were washed three times in Tirode solution and brought to a final concentration of 4 x 105 erythrocytes per millilitre. One millilitre of Tirode solution (control) or 1 ml of quartz (DQ12) suspension in the same solution in concentrations of l 0, 20, or 5 0 mg/ml and 1 ml of erythrocyte suspension were introduced in each sample. The samples were placed for one hour in a water bath at 37°C and constantly shaken. Subsequently they were centrifuged for five minutes at 1000 rpm. The optical density of the supernatant, which was determined by a photoelectrocolorimeter with a green filter, was used as an indicator of the degree of haemolysis expressed in percentage relative to full haemolysis caused by an addition of 2-5 mg of saponine per 1 ml of erythrocyte suspension. The index of haemolysis for the control sample was deducted from the index of "quartz" haemolysis.
In the series of preliminary experiments an analogous haemolytic test was performed using only erythrocytes of animals that did not receive glutamate. Before haemolysis, however, the erythrocytes were incubated for one hour at 37°C with glutamic acid in concentrations of 25 or 50 ,ug/ml, which was later washed away. The erythrocytes were then resuspended to the above-mentioned cell concentration. All these manipulations were conducted simultaneously with control cell suspension preincubated in Tirode solution; the study was performed on rat and chicken erythrocytes.
The adenosine nucleotide content of PM at the beginning of the experiment and in PM and erythrocytes at the end of a two-month period An analogous experiment of six-months' duration was performed with chrysotile asbestos dust. In the next experiment the same indices of intensity of developing silicosis were obtained in rats one month after intratracheal injection of quartz dust, after control cultures and 7-2 mg for cultures preincubated with glutamic acid. In other words, the resistance of the cell to the cytotoxic action of quartz as a result of preincubation of PM with glutamic acid in 50 jug/ml concentration is increased, on average, 2-6 times.
As seen from table 2, prolonged action of glutamate in vivo also gives an increase of PM resistance to the cytotoxic action of quartz in vitro. If, before the administration of glutamate, quartz dust caused equal inhibition of the TTC-reductase activity of macrophages in rats of both groups, this inhibition was always (statistically significantly) less pro- By contrast with PM, the resistance of rat erythrocytes to the haemolytic action of quartz was influenced by neither preincubation with glutamic acid in vitro nor by its in-vivo action (tables 3 and 4). The results of experiments with chicken erythrocytes in which only the concentration of glutamic acid optimal for PM (50,ug/ml) was studied are also given in table 3. As may be seen from these results, the haemolytic action on these erythrocytes of all the quartz doses tested is to some degree reduced under the influence of preincubation with glutamic acid. After exposure to quartz dust the values of the ATP/ADP ratio are similar in both groups, being higher than in the absence of such exposure. In the control group, however, the difference from PM not exposed to quartz in vitro is statistically significant and rather high (15 times); in the group of rats receiving glutamate the effect of quartz is less pronounced (12 times) and statistically not significant. Under the influence of contact with quartz the total adenosine nucleotide content in PM was also statistically significantly increased, roughly in equal degree in both groups (1-4 and 1 5 times respectively).
As seen from table 6 , preincubation of PM with macrophage breakdown products causes effects similar in principle to the effects of quartz: a statistically significant and rather pronounced increase in ADP + ATP content (1 7 times) while the increase of ATP/ADP ratio is moderate (1-3 times) and not significant. ADP and ATP were not discovered in macrophage breakdown products.
No change in the total content of adenosine nucleotides or in the ADP/ATP ratio in rat erythrocytes under the influence of glutamate in vivo was observed. After a 60-minute incubation of rat erythrocyte suspension with glutamate in a concentration of 50,tg/ml, the content of ATP increased In the third intratracheal experiment glutamate treatment was started after the development of typical silicotic changes in the lungs a month after the injection of quartz (table 7) . During the next five months these shifts progressed in both groups, but to a lesser degree in rats receiving glutamate, so that by the end of this time the lungs of untreated rats showed silicotic nodules reaching the third to fourth stage of fibrosis, some of them of large size and forming conglomerates; glutamate-treated rats had only separated nodules of stage I or 2. The lung weight, hydroxyproline and total lipid content of the treated animals were lower on average than in the rats not receiving glutamate; in the most important index hydroxyproline content this difference was statistically significant.
In all three intratracheal experiments we calculated the "corrected" values of the indices considered in table 7, referring them to 100 g of body weight, to eliminate the physiological variability depending on a direct correlation of these indices with the body weight. As seen from the table, this approach did not change the character of the intergroup differences; in some cases they became more statistically significant.
Discussion
Glutamic acid and its amide (glutamine), being the main collectors of non-protein nitrogen, play a key part in supplying it for the synthesis of non-essential amino-acids and through them of several biologically active compounds. They also take part in ammonia transfer, synthesis of purine bases and nucleic acids, transamination, urea synthesis, and several other metabolic transformations. Finally, glutamic acid is closely connected with the energy metabolism of the cell, which it enters, taking part in most transamination processes, as well as via oxidative de-amination, decarboxylation, and in other metabolic pathways.
The number of studies devoted to the biochemistry of glutamate is enormous, and their review is beyond the scope of this paper. Such a review may be found in a monograph Glutamic acid27 published with the participation of one of us. The role of glutamate being so important and diversified, it is not surprising that it finds wide application in the treatment of different conditions connected with secondary disturbances of intermediary metabolism and, especially, with hypoxic states. There are experimental data about the beneficial action of glutamate on some intoxications as well and, in particular, on its normalising effect on the process of oxidative phosphorylation performed by mitochondria and considerably disrupted by carbon tetrachloride. 28 The part that glutamate plays in the phosphorylation of ADP into ATP and its important role in cell membrane functioning allow us to consider glutamate as an important factor in their stabilisation. Meanwhile, functional and ultrastructural damaging of plasmatic, phagolisosomal, and mitochondrial membranes is closely connected with the primary mechanisms of the breakdown of macrophage by a phagocytised silica particle.29 30 These considerations were a starting point in testing glutamate as a means of hampering the development of experimental silicosis and asbestosis. As seen from the results of the experiments in which a prolonged glutamate treatment was tested on rats injected with quartz or asbestos intratracheally, the expected inhibition was observed. It is necessary to note that it had been observed also in two additional experimental series, the results of which were not included in this paper for the sake of brevity, but have been published elsewhere.'7 In one of these series, glutamate was injected subcutaneously in doses of 100 mg/100 g body weight five times a week for two or five months into rats given quartz intratracheally. We observed a retarded and weakened development of silicosis compared with rats not receiving glutamate, but this effect was much less pronounced than in a subsequent experiment with its peroral administration. Probably, the active inclusion of glutamate in different metabolic processes leads to quick utilisation of an injected dose, which makes it less effective than a smaller dose of glutamate gradually introduced into the organism through the gut.
Meanwhile, one cannot exclude the possibility that such "peak" loads of glutamate cause some unfavourable influence on the development of silicosis which partially hampers the favourable antisilicotic effect. This hypothesis is supported by the results obtained on a group of animals studied alongside with those considered in table 7 (experiment 1), who received subcutaneous injections of glutamate in the above-mentioned dosage in addition to drinking glutamate solution. Inhibition of development of silicosis was beyond doubt in this group as well, but less pronounced than when glutamate was introduced only via the drinking water.
The antifibrogenic effect of glutamate in pneumoIndices referred to 100 g body weight coniosis has been reproduced by us in several experiments and cannot be subject to doubt. It was observed both in experiments in which glutamate was given to rats from the first day of the intratracheal injection of dust and when treatment was begun only when the silicotic process was active and had reached a considerable stage of development. There are no special grounds to doubt that the basis of the antisilicotic effect of glutamate lies in the reduction of the cytotoxic action of dust particles on the macrophage, which is the key link in the development of silicosis. This reduction was shown both during the contact of macrophage with glutamic acid in vitro, and after consumption of glutamate by rats (macrophage donors) in the same doses that, in other experiments, effectively inhibited the development of silicosis. We must especially note the stability of the protective action of glutamate on the macrophage when it was continually given to rats by mouth, in whose life-span four months is a long time.
As mentioned above, the protection of the macrophage from damaging is advantageous to the organism exposed to quartz dust, not only because it prevents the formation of the "macrophageal fibrogenic factor," but also because it increases the efficiency of lung clearance of quartz particles. Therefore we have grounds to expect that the antisilicotic effect of glutamate after the long-term inhalation of quartz dust will prove to be even more pronounced than in the case of intratracheal injection of a large dose which is likely to overwhelm the physiological clearance mechanisms.
The precise mechanisms by which glutamate increases the resistance of the macrophage to the cytotoxic action of dust particles is not known. If, however, we take into account the fact that the surface of silica particles can be considered as a specific membranolytic agent, and that damage to the cell membrane is the prime cause of the pathogenetic chain of silicosis, special interest should be given to the part that glutamate plays in stabilising membranes and, in particular, in the synthesis and phosphorylation of adenosine nucleotides.
At first sight our results may appear paradoxical: Glycolysis, which is accompanied by the formation ofmacroergic phosphate links to a considerably lesser degree than oxidative phosphorylation, plays a major part in the energy metabolism of the erythrocyte. Oxidative phosphorylation, although it is much less important for the peritoneal macrophage (used by us) than for alveolar macrophages,31 32 occupies an important place in the energy metabolism of the former.
It is interesting to note that while both macrophages and rat erythrocytes have a wide interindividual variability to the cytotoxic (and, correspondingly, haemolytic) action of standard quartz, no correlation could be found between them. Therefore, this variability is probably connected with quite different causes for the two types of cell (LI Privalova and KI Morozova, unpublished observations).
It was to give additional support to the indirect argument given above that we studied the influence of glutamate on the susceptibility on aviar erythrocytes to quartz in vitro; the cells retain a nucleus and therefore differ less in metabolic character from "normal cells." As we expected, by contrast with rat erythrocytes, the chicken erythrocytes increased their resistance to quartz damage under the influence of glutamate. Interestingly, as a result of the incubation with glutamate they showed an increased total content of adenosinephosphoric acids and of the ATP/ADP ratio. Thus the response of nucleated erythrocytes to glutamate is, on the whole, similar to that of the macrophage, and considerably different from that of non-nuclear erythrocytes, both with respect to the reaction of indices of oxidative phosphorylation and adenosine nucleotides synthesis, and with respect to the resistance to the damaging effect of quartz.
We suggest that, although further analysis of the mechanism of the antisilicotic action of glutamate is necessary, the data obtained so far justify including silicosis among those conditions whose treatment and prophylaxis can be supplemented by this remedy. 
